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ABSTRACT
This study investigated the effects of high intensity interval training (HIIT) and βhydroxy-β-methylbutyric free acid (HMBFA) on the onset of neuromuscular fatigue in
healthy young men and women. Thirty-seven subjects (22 men and 15 women; mean ±
SD age = 22.8 ± 3.4yrs) completed an incremental cycle ergometer test (GXT) to
exhaustion. During the GXT, electromyography (EMG) signals from the right vastus
lateralis were recorded to determine the power output at the onset of neuromuscular
fatigue (PWCFT), and peak wattage was used to assign individual training loads.
After baseline testing (PRE), subjects were randomly assigned to one of three
groups: control (C, n = 9), training with placebo (P, n = 14), or training with
supplementation (S, n = 14). Subjects assigned to P and S completed 12 HIIT sessions
over 4 weeks while subjects assigned to C were asked to maintain their normal diet and
activity patterns. After 4 weeks, subjects returned for post-testing (POST). The PWCFT
values (W) were determined using a DMAX method. The EMG amplitude root mean
square (µVrms) values were used to generate a third-order polynomial regression (3PR)
representing the increase in µVrms versus time of the GXT. The onset of fatigue (TF)
was defined as the x-value (time, s) of the point on the 3PR that measured the maximal
perpendicular distance from the line between the first and last data points. TF was used to
estimate PWCFT according to the equation: PWCFT = PO + a · (n/N), where PO is the
power output of the stage in which TF occurred, a is the increment in power output
between GXT stages (25W), n is the difference (s) between TF and the beginning of the
stage during which TF occurred, and N is the duration of a stage (120s).
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A two-way repeated measures ANOVA was used to identify group × time
interaction for PWCFT. If a significant interaction occurred, one-way factorial ANOVAs
were used. Fisher's least significant difference post hoc comparisons were performed
between groups. If a significant main effect occurred, dependent samples t-tests with
Bonferroni corrections (p = [0.05/3] = 0.017) were performed across time for each group.
The two-way ANOVA resulted in a significant interaction (F = 6.69, p = 0.004).
Follow-up analysis with one-way ANOVA resulted in no difference among groups at
PRE (F = 0.87, p = 0.43), however a significant difference was shown for POST values
(F = 5.46, p = 0.009). Post-hoc analysis among POST values showed significant
differences between S and both P (p = 0.034) and C (p = 0.003). No differences (p =
0.226) were noted between P and C. Paired samples t-tests detected significant changes
following HIIT for S (p < 0.001) and P (p = 0.016), but no change in C (p = 0.473).
Results of this study indicate that HIIT was effective in delaying the onset of
fatigue, but supplementation with HMBFA in conjunction with HIIT was more effective
than HIIT alone. An increase in PWCFT represents an increase in the maximal power
output an individual can sustain without eliciting fatigue. Therefore, HIIT can be used to
improve performance in both endurance activities as well as intermittent sports. In
addition, HMBFA supplementation is a simple method that can be used to maximize the
benefits of HIIT.
Acknowledgments: Metabolic Technologies, Inc. provided the supplement and
funding for this study.
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This manuscript is dedicated to all those who have helped me, in ways both large
and small, on my roundabout way of getting to where I am today.
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CHAPTER I: INTRODUCTION
Recently, high intensity interval training (HIIT) has gained popularity as both an
effective and efficient training modality for many populations. In general, HIIT involves
short bouts of high intensity exercise interspersed with brief periods of low intensity
exercise or rest (Billat, 2001; Buchheit & Laursen, 2013a; Buchheit & Laursen, 2013b;
Laursen & Jenkins, 2002). In comparison to traditional aerobic endurance training, HIIT
has been shown to elicit similar-magnitude improvements in aerobic capacity despite
lower total training volume and exercise time (Burgomaster et al., 2008; Gibala et al.,
2006). Protocol specifics (work-to-rest ratios, number of intervals, and relative intensity
of work and rest intervals) vary widely and it has been suggested that specific adaptations
may be maximized by modifying these factors (Buchheit & Laursen, 2013b; Clark, West,
Reynolds, Murray, & Pettitt, 2013). This is supported by the discernable differences in
specific muscular adaptations observed following sprint training compared to speed
endurance training (Mohr et al., 2007).
Daussin and colleagues (2008) compared continuous and interval training
protocols with similar total exercise duration and volume in sedentary subjects and found
that improvements in maximal aerobic capacity following continuous training were
mainly the result of peripheral adaptations (increased capillary density and increased
arteriovenous difference), whereas the improvements following interval training resulted
from both peripheral (increased arteriovenous difference) and central adaptations
(increased cardiac output); on the other hand, interval training did not appear to increase
capillary density. However, Laursen and colleagues (2005) demonstrated that
1

improvements in trained athletes following HIIT may be primarily due to peripheral
adaptations. Edge and colleagues (2006) also compared volume-matched continuous and
interval training using recreationally active women and found that while increases in
V̇O2PEAK and lactate threshold (LT) were similar between groups, only interval training
increased muscle buffering capacity. Additionally, HIIT is associated with increased
efficiency of skeletal muscle substrate utilization via increases in storage, transport, and
enzyme content (Perry, Heigenhauser, Bonen, & Spriet, 2008; Talanian, Galloway,
Heigenhauser, Bonen, & Spriet, 2007) and improvements in measures of neuromuscular
fatigue (Smith, Moon et al., 2009). Overall, HIIT has been shown to be effective in both
trained and untrained populations following relatively short training protocols that
involve a relatively small time commitment on a weekly basis. However, the varied
adaptations in response to specific HIIT protocols must be considered when comparing
HIIT studies with large differences in protocol specifics. In addition, changes in
measures of central and peripheral fatigue may differ depending on the HIIT protocol
used. As a result, responses to HIIT should be assessed using a variety of methods.
The branched-chain amino acid, leucine, has been associated with increases in
muscle protein synthesis (Anthony, Anthony, Kimball, & Jefferson, 2001; Koopman et
al., 2005), mitochondrial biogenesis and fatty acid oxidation (Sun & Zemel, 2009),
decreases in muscle protein breakdown via the ubiquitin pathway (Baptista et al., 2010),
and may contribute to cholesterol synthesis (Nissen & Abumrad, 1997). It has been
suggested that some of the benefits of leucine supplementation occur via one of its
metabolites, β-hydroxy-β-methylbutyrate (HMB) (Holecek, Muthny, Kovarik, & Sispera,
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2009; G. J. Slater & Jenkins, 2000; G. J. Wilson, Wilson, & Manninen, 2008). In the
body, approximately 5% of leucine is converted to HMB (Van Koevering & Nissen,
1992). A typical protein supplement contains 1-8-2.3g of leucine (Tang, Moore, Kujbida,
Tarnopolsky, & Phillips, 2009) which would be equivalent to approximately 9-12 mg of
HMB. However, in studies investigating the benefits of HMB supplementation a typical
dose is 3 grams per day; in order to achieve an equivalent amount of HMB in the body
one would need to ingest approximately 60 grams of leucine or over 600 grams of high
quality protein (J. M. Wilson et al., 2013). Therefore, supplementation with HMB may be
a more efficient method to maximize the desired benefits than ingestion of either leucine
or a protein supplement.
In some investigations, supplementation with HMB has been shown to be
beneficial in increasing strength (Panton, Rathmacher, Baier, & Nissen, 2000), improving
muscle protein balance (Nissen et al., 1996; Wilkinson et al., 2013), and attenuating
markers of muscle damage after heavy resistance training (Hoffman et al., 2010; Nissen
et al., 1996; Panton et al., 2000; Townsend et al., 2013; J. M. Wilson, Lowery et al.,
2013), although others have failed to see these effects (Gonzalez et al., 2014; G. Slater et
al., 2001). While much of the research has investigated the effects of HMB
supplementation when combined with resistance training, it has also been shown to be
beneficial for endurance athletes (Knitter, Panton, Rathmacher, Petersen, & Sharp, 2000;
Vukovich & Dreifort, 2001). Knitter and colleagues (2000) tested the effects of 6 weeks
of 3 grams per day of HMB on markers of muscle damage in trained individuals
following a prolonged run and found that HMB attenuated increases in creatine
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phosphokinase and lactate dehydrogenase, but reported no differences in performance.
These results support the hypothesis that HMB attenuates muscle damage or improves
recovery from damaging exercise. Vukovich and Dreifort (2001), on the other hand,
measured changes in performance-related measures, such as V̇O2PEAK and the onset of
blood lactate accumulation (OBLA), following 14-day supplementation protocols in
trained cyclists and reported increased OBLA and time to reach V̇O2PEAK. However, not
all studies have shown similar results; O’Connor and Crowe (2003) reported no effects
on aerobic or anaerobic measures in elite male rugby players following 6 weeks of
supplementation with HMB.
In general, HMB supplementation has been shown to be safe in humans (Nissen et
al., 2000). Currently there are two forms of supplemental HMB available: the
monohydrated calcium salt (HMBCa) and the free acid gel form (HMBFA). HMBCa has
been in use longer and is the form that has been studied more extensively; however, a
dose of HMBFA results in a shorter time to peak plasma concentration following
ingestion, a higher peak plasma concentration, and a greater area under the curve than an
equivalent dose of HMBCa (Fuller, Sharp, Angus, Baier, & Rathmacher, 2011).
Therefore, the form of HMB used could impact the consistency of results when
comparing between studies, even if the dosage is equivalent.
More recently, HMB has been used in conjunction with HIIT, using both running
(Lamboley, Royer, & Dionne, 2007) and cycling protocols (Robinson IV et al., 2014).
Lamboley and colleagues (2007) investigated the effects of 5 weeks of 3 grams per day
of HMBCa and 3 days per week of running HIIT on aerobic performance measures in
4

recreationally active college students. While both the HMB and placebo groups
improved V̇O2MAX, VT, and RCP, greater improvements in V̇O2MAX and RCP were seen
in the HMB-supplemented group compared to placebo. These results support the
hypothesis that HMB may be more effective in less trained subjects, as increases in
aerobic capacity were not seen in the investigations using trained subjects (Knitter et al.,
2000; O'Connor & Crowe, 2003; Vukovich & Dreifort, 2001). Robinson and colleagues
(2014) also used untrained subjects, and reported significantly greater increases in
V̇O2PEAK, VT, and power at VT in the supplemented group compared to placebo after 4
weeks of 3 days per week of cycle ergometer based HIIT with 3 grams per day of HMBFA
or a placebo.
Only two studies have investigated the effects of HIIT with HMB
supplementation, and both investigated changes in aerobic capacity and fatigue
thresholds based on gas exchange analysis (Lamboley et al., 2007; Robinson IV et al.,
2014). Another common, noninvasive method for examining fatigue is through the use
of electromyography (EMG) based measures of peripheral fatigue. Currently, only one
study has investigated changes in neuromuscular fatigue thresholds following HIIT
(Smith et al., 2009), and to our knowledge, none have investigated the effects of HMB on
neuromuscular fatigue.
Electromyography based measures of fatigue often use changes in the amplitude
and/or frequency domains of the signal to determine the onset of fatigue and demarcate
the moderate, heavy, and severe exercise intensity domains. Two methods, physical
working capacity fatigue threshold (PWCFT) and electromyographic fatigue threshold
5

(EMGFT), define the onset of neuromuscular fatigue as a significant increase in EMG
amplitude during exercise, indicating the recruitment of additional motor units and the
increased frequency of motor unit activation (Bergstrom et al., 2011; Camic et al., 2010;
Camic et al., 2014; deVries, Moritani, Nagata, & Magnussen, 1982; deVries et al., 1987;
deVries et al., 1989; deVries et al., 1990; Graef et al., 2008; Housh, deVries, Johnson, &
Evans, 1991; Kendall et al., 2010). While PWCFT and EMGFT share a common
underlying physiological mechanism, PWCFT is typically determined using submaximal
loads whereas EMGFT is generally determined using maximal to supramaximal
discontinuous work bouts. Although the method of determination differs, PWCFT and
EMGFT are effectively analogous thresholds (Pavlat, Housh, Johnson, Schmidt, &
Eckerson, 1993), to the extent that two of the authors of the original studies utilizing
these techniques have used the terms interchangeably (deVries et al., 1987; Moritani &
Yoshitake, 1998). Indeed, deVries and colleagues (1987) suggested that “the
identification of PWCFT is not seriously influenced by differences in the protocol leading
to the fatigue threshold.”
Both EMGFT and PWCFT have previously been used to assess changes following
periods of supplementation and/or training: Stout and colleagues (2006) analyzed
changes in PWCFT following 28 days of supplementation with either creatine, β-alanine,
or a combination, while Smith and colleagues (Smith et al., 2009) used EMGFT to
determine changes following three and six weeks of β-alanine supplementation and a
fractal periodized HIIT protocol with undulating progression, ranging from 90-115% of
the peak power output during the V̇O2PEAK test. While the supplement investigated by
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Smith and colleagues (2009) is different from that in the present study, they demonstrated
that the HIIT protocol used was sufficient to stimulate adaptations that affect the onset of
neuromuscular fatigue after a relatively short intervention.
The purpose of this study, therefore, was to examine the effects of 28 days of
cycle ergometer based HIIT and HMBFA supplementation on neuromuscular fatigue as
measured using PWCFT in untrained, college-aged men and women.
Purpose
1. To determine PWCFT using a DMAX method.
2. To determine the effects of four weeks of HIIT and HMBFA supplementation on
PWCFT.
Research Questions
1. Does four weeks of HIIT increase PWCFT?
2. Does HIIT with HMBFA supplementation increase PWCFT more than HIIT alone?
Hypotheses
1. HIIT will increase PWCFT.
2. HIIT with HMBFA will increase PWCFT more than HIIT alone.
Operational Definitions
1. High Intensity Interval Training (HIIT) – Training comprised of short intervals of
high intensity exercise interspersed with rest periods.
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2. Physical Working Capacity at Neuromuscular Fatigue Threshold (PWCFT) – The
power output at the onset of neuromuscular fatigue, determined using a DMAX
method.
3. Maximal Perpendicular Distance (DMAX) – A method for determining the point of
inflection on a polynomial regression by finding the maximal perpendicular distance
between the regression curve and a line between the first and last points used in the
regression.
Delimitations
Forty men and women between the ages of 18 and 35 were recruited for this
study. All participants completed a Confidential Medical and Activity History
Questionnaire, Physical Activity Readiness Questionnaire, and a written informed
consent prior to testing. The New England Institutional Review Board approved this
research study. To be included in this study all participants were healthy and free of
disease or injury. Also, participants were recreationally active with a minimum V̇O2PEAK
of 35ml∙kg-1∙min-1 for men and 30ml∙kg-1∙min-1 for women. Participants were asked to
maintain their normal diet while enrolled in the study.
Assumptions
Theoretical Assumptions
1. Participants answered the Confidential Medical and Activity Questionnaire and
Physical Activity Readiness Questionnaire accurately and truthfully.
2. All subjects gave maximal effort when performing the V̇O2PEAK test.
3. Participants consumed a similar diet prior to each experimental testing session.
8

4. Participants were well-rested prior to each experimental testing session.
5. Participants abstained from all other supplements was maintained throughout the
testing and training period.
6. Participants gave a maximal effort during each training session.
7. Participants were compliant with the supplementation protocol.
8. Participants were unable to identify whether they were taking the supplement or the
placebo.
Statistical Assumptions
1. The population from which the samples are drawn is normally distributed.
2. The sample was randomly selected and the treatment order was randomly assigned.
3. The data met the assumption of sphericity. This requires that the repeated measures
data demonstrate both homogeneity of variance and homogeneity of covariance.
Limitations
1. Due to the intensity of the exercise involved and the length of the study, participant
withdrawal was inevitable.
2. The main recruiting mechanism of recruitment was in-class announcements through
the College of Education and Human Performance courses, subject selection not truly
random, which could affect internal validity and may impact generalizability.
3. The sample was made up of volunteers, therefore, not meeting the underlying
assumptions of random selection.
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CHAPTER II: LITERATURE REVIEW
In general, high intensity interval training (HIIT) refers to exercise programs
consisting of repeated short to moderate duration bouts of exercise intensities greater than
the anaerobic threshold, interspersed with brief periods of low intensity or passive rest
(Billat, 2001; Buchheit & Laursen, 2013b). This type of training is designed to cause
repeated physiological stress at a sufficiently high intensity to elicit chronic adaptations
such as improved metabolic and energy efficiency, and to do so significantly faster and to
a greater extent than traditional constant rate aerobic training (Jenkins & Quigley, 1993;
Laursen et al., 2005).
It has been suggested that the metabolite of leucine, β-hydroxy-β-methylbutyrate
(HMB) may mediate enhancement of some of the benefits of aerobic training (Knitter et
al., 2000; Lamboley et al., 2007; Robinson IV et al., 2014; Vukovich & Dreifort, 2001).
Knitter and colleagues (2000) proposed that HMBCa may improve intense aerobic
training by attenuating skeletal muscle damage and accelerating recovery between
training bouts leading to greater chronic adaptations. In support, Vukovich and Dreifort
(2001) used a crossover design to examine the effects of 3 grams of HMBCa or placebo
per day for 14 days in elite cyclists while average training volume was 300 miles per
week. Only following the HMBCa supplementation period did the cyclists demonstrate a
significant increase in peak oxygen consumption rate (V̇O2PEAK), and an increase in the
onset of blood lactate accumulation (OBLA) during a graded exercise test. Further,
Lamboley and colleagues (2007) examined the effect of 5 weeks of HMBCa
supplementation and treadmill based HIIT in physically-active college students.
10

Specifically, they measured changes in V̇O2MAX, ventilatory threshold (VT), and
respiratory compensation point (RCP) during a graded exercise test at baseline and
following training. The participants completed 5 weeks of running HIIT, training 3 times
per week at 1% grade; during this training period participants also supplemented with 3
grams per day of either HMBCa or a placebo. At post testing both HIIT groups
demonstrated significant increases in V̇O2MAX, VT and RCP; however, the group that
supplemented with HMBCa showed a 19% to 45% greater increase in all metabolic
variables. Currently, research suggests that HMBCa supplementation in conjunction with
endurance training may improve maximal and submaximal performance, not only by
attenuating protein breakdown, but also by potentially augmenting mitochondrial protein
synthesis for greater oxidative energy capacity (Knitter et al., 2000; Lamboley et al.,
2007; Vukovich & Dreifort, 2001).
Surface electromyography is a noninvasive option for assessing the onset
neuromuscular fatigue which has practical applications for evaluating individuals at
baseline and after interventions to examine the effectiveness of various supplements
(Camic et al., 2010; Housh, Johnson, Evans, & McDowell, 1991; McCormack et al.,
2013; Stout et al., 2006; Stout et al., 2007) or training methods (deVries et al., 1989;
Emerson, 2014; Smith et al., 2009) on delaying neuromuscular fatigue. There are several
methods for analyzing this type of data, including those relevant to the current
investigation: electromyographic fatigue threshold (EMGFT) and physical working
capacity at neuromuscular fatigue threshold (PWCFT). Although EMGFT is determined
using a different method than PWCFT, they are theoretically analogous thresholds, as both
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determine the highest power output that can be sustained without resulting in a significant
increase in EMG amplitude over time (Pavlat et al., 1993). Therefore, it is relevant to
consider studies examining changes in EMGFT when discussing the use of PWCFT in
similar applications.
Comparison of High Intensity Interval Training and Traditional Endurance Training
Helgerud, Høydal, Wang, Karlsen, Berg, Bjerkaas, Simonsen, Helgesen, Hjorth, Bach,
Hoff (2007)
Aerobic High-Intensity Intervals Improve V̇O2MAX More Than Moderate Training
The primary purpose of this study was to compare the effects of aerobic
endurance training at different intensities and with different methods matched for total
work and frequency. To measure these responses, V̇O2MAX, stroke volume, blood
volume, lactate threshold, and running economy were examined. For this study, 40
healthy, nonsmoking, moderately trained male subjects were randomly assigned to one of
four groups. The first group performed a continuous run at 70% heart rate max for 45
min. The second group performed a continuous run at lactate threshold which was set at
85% heart rate max for 24.25 min. The third group, an interval run group, performed 47
repetitions of 15-s intervals at 90– 95% heart rate max with 15 s of active rest at 70%
heart rate max between each sprint. The final group trained a 4x4-min interval training at
90–95% heart rate max with 3 min of active rest at 70% heart rate max between each
interval. All four training protocols were performed 3 times per week for 8 weeks. HIIT
resulted in significantly increased V̇O2MAX compared with continuous training intensities.
The percentage increases for the 15/15 and 4 × 4 min groups were 5.5 and 7.2%,
12

respectively, reflecting increases in V̇O2MAX from 60.5 to 64.4 mL·kg-1·min-1 and 55.5 to
60.4 mL·kg-1·min-1. Stroke volume also increased significantly by approximately 10%
after interval training. The main finding of this study is that HIIT is significantly more
effective than training at lactate threshold or continuous exercise even when performing
the same total work for improving V̇O2MAX. The authors also state that improvements in
V̇O2MAX seem to be dependent on initial fitness level and type of exercise normally
performed by the individual; those who performed short, intense, burst-style exercise,
similar to football, saw no change in V̇O2MAX, while youth soccer players saw a 5-10%
increase, and untrained individuals saw a 17.9% increase. The fact that stroke volume
also increased significantly in the HIIT group leads the authors to suggest that stroke
volume, as a component of cardiac output, is a key component of cardiorespiratory gains
seen with this training regimen.
Daussin, Zoll, Dufour, Ponsot, Lonsdorfer-Wolf, Doutreleau, Mettauer, Piquard, Geny,
Richard (2008)
Effect of interval versus continuous training on cardiorespiratory and
mitochondrial functions: relationship to aerobic performance improvements in
sedentary subjects
The goal of the study was to determine the effects of continuous training vs. HIIT
yielding identical mechanical work and training duration on skeletal muscle and
cardiorespiratory adaptations in sedentary subjects. Eleven subjects (6 men and 5
women) were randomly assigned to one of two 8-wk training programs in a cross-over
design, separated by 12 weeks of detraining. V̇O2MAX increased 9% after continuous
13

training and 15% with HIIT), whereas only HIIT was associated with faster V̇O2 kinetics
(τ: 68.0 ± 1.6 vs. 54.9 ± 0.7 s, P < 0.05) measured during a test to exhaustion (TTE) and
with improvements in maximal cardiac output (Q̇max, from 18.1 ± 1.1 to 20.1 ± 1.2
l/min; P < 0.01). Only HIIT produced a significant increase in skeletal muscle
mitochondrial oxidative capacities (Vmax) which increased 36.4% after the HIIT. Both
training styles resulted in increased capillary density, with a two-fold higher enhancement
after continuous training (40%) than for the HIIT (21%). The gain of Vmax was
correlated with the gain of time to exhaustion and the gain of V̇O2MAX with HIIT. The
gain of Q̇max was also correlated with the gain of V̇O2MAX. The results of this study
reveal that endurance training programs with similar exercise duration and similar total
mechanical workload but different O2 fluctuations, induce specific peripheral and central
adaptations. In particular, repeated fluctuations of O2 consumption during training
sessions seem to be necessary to improve muscular oxidative capacities. Together, these
results provide a mechanistic framework to explain the greater efficiency of interval over
continuous training on endurance performance enhancement. Moreover, our
observations suggest that enhancements of muscular mitochondrial function are actively
involved in the observed V̇O2MAX improvements. Therefore, HIIT seems optimal in
maximizing both peripheral muscle and central cardiorespiratory adaptations, permitting
significant functional improvement.
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Mechanisms of High Intensity Interval Training
Talanian, Galloway, Heigenhauser, Bonen, Spriet (2007)
Two weeks of high-intensity aerobic interval training increases the capacity for fat
oxidation during exercise in women
The aim of this study was to examine the effects of seven HIIT sessions over 2
weeks on skeletal muscle substrate content, mitochondrial enzyme activity, fatty acid
transport proteins, V̇O2PEAK, and whole body metabolic, hormonal, and cardiovascular
responses to exercise. Eight female participants performed a V̇O2PEAK test and a 60-min
cycling trial at approximately 60% V̇O2PEAK before and after training. Each HIIT session
consisted of ten 4-minute bouts at approximately 90% V̇O2PEAK with 2 minutes of rest
between intervals. Training increased V̇O2PEAK by 13%. After HIIT, plasma epinephrine
and heart rate decreased during the final 30 minutes of the 60-minute cycling trial at
approximately 60% of pre-training V̇O2PEAK. Exercise whole body fat oxidation
increased by 36%, and net glycogen use was reduced during the post-training 60-minute
cycling trial. HIIT significantly increased muscle mitochondrial β-hydroxyacyl-CoA
dehydrogenase and citrate synthase (31.8% and 19.88%, respectively) after training. In
addition, total muscle plasma membrane fatty acid-binding protein content increased
significantly (25%), whereas fatty acid translocase/CD36 content was unaffected after
HIIT. In summary, seven sessions of HIIT over 2 weeks at a training intensity of
approximately 90% V̇O2PEAK was sufficient to elicit significant improvements in V̇O2PEAK
and resulted in increases in whole body and skeletal muscle capacity for fatty acid
oxidation during exercise in moderately active women.
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Perry, Heigenhauser, Bonen, Spriet (2008)
High-intensity aerobic interval training increases fat and carbohydrate metabolic
capacities in human skeletal muscle
The purpose of this study was to investigate the effects of 6 weeks of high
intensity interval training (HIIT) on the capacity for skeletal muscle and whole-body
carbohydrate and fat oxidation in recreationally active young men and women. Eight
subjects participated and were asked to complete a V̇O2PEAK test, a test to exhaustion (TE)
at 90% of V̇O2PEAK, and a 1 hour cycle test at 60% of V̇O2PEAK prior to and after
completing and six weeks of cycle ergometer based HIIT that consisted of 10 intervals at
90% V̇O2PEAK for 4 minutes interspersed with 2 minute rest periods. Intensity was
maintained by monitoring heart rate and increasing power output as subjects adapted.
Relative to performance, improvements were seen in: V̇O2PEAK and training power
output. In addition, muscle and blood analyses were performed at PRE and POST testing
both at rest and following the TE test. In general terms, these analyses included: muscle
enzyme activities, muscle metabolites and glycogen content, and blood measurements.
Specifically, improvements were seen in increased skeletal muscle mitochondrial enzyme
activity and content, increased transport proteins for fatty acids, glucose, and lactate, and
increased resting glycogen. These adaptations were associated with decreased reliance
on anaerobic metabolism and greater time to exhaustion at 90% of pre-training V̇O2PEAK,
as well as increased fat oxidation at 60% pre-training V̇O2PEAK. Together, these results
indicate that HIIT elicits changes in a large number of physiological variables and likely
leads to improved performance through various pathways simultaneously.
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Studies Investigating High Intensity Interval Training with Nutritional Interventions
Smith, Walter, Graef, Kendall, Moon, Lockwood, Fukuda, Beck, Cramer, Stout (2009)
Effects of β-alanine supplementation and high-intensity interval training on
endurance performance and body composition in men; a double-blind trial
The purpose of this study was to examine the effects of HIIT with either β-alanine
supplementation or a placebo on endurance performance and aerobic metabolism in
recreationally active college-aged men. Forty-six men were tested for V̇O2PEAK, time to
fatigue, ventilatory threshold, and total work done at 110% of pre-training V̇O2PEAK. In a
double-blind fashion, all subjects were randomly assigned into one either a placebo or βalanine group and engaged in a total of six weeks of HIIT consisting of 5–6 bouts of twominute intervals with one-minute rest periods. Training followed a fractal periodized
plan, which began at an intensity of 90% of peak power achieved during the pretesting
V̇O2PEAK test and progressed in an undulating manner, reaching a maximum of 115% of
peak power. Significant improvements in V̇O2PEAK, time to exhaustion, and total work
done after three weeks of training were observed with no significant differences between
the groups. The findings of this study which are relevant to the current investigation, are
that HIIT significantly increased time to exhaustion and is an effective tool that
stimulates significant aerobic improvements with a relatively short period of training.
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Jourkesh, Ahmaidi, Keikha, Sadri, Ojagi (2011)
Effects of six weeks sodium bicarbonate supplementation and high-intensity interval
training on endurance performance and body composition
The primary aim of this study was to examine the effects of HIIT with or without
sodium bicarbonate supplementation on endurance performance and aerobic metabolism.
Thirty-six recreationally active college aged men gave their informed consent and
volunteer to participate in the study. At baseline, V̇O2PEAK, time to fatigue, ventilatory
threshold, and total work done at 110% of pre-training V̇O2PEAK were assessed. In a
double-blind fashion, subjects were randomly assigned into either a placebo or sodium
bicarbonate group. All subjects supplemented four times per day (total of 200 mg/day)
for the first 21-days, followed by two times per day (100 mg/day) for the subsequent 21
days, and engaged in a total of six weeks of HIIT consisting of 5-6 bouts of a 2:1 minute
cycling work-to-rest ratio. The authors reported significant improvements in V̇O2PEAK,
time to exhaustion, and total work after three weeks of training. These findings highlight
the use of HIIT to induce significant aerobic improvements is effective and efficient.
Metabolism and Mechanisms of βHydroxyβMethylbutyrate
Nissen, Sharp, Paton, Vukovich, Trappe, Fuller Jr. (2000)
β-Hydroxy-β-Methylbutyrate (HMB) Supplementation in Humans Is Safe and May
Decrease Cardiovascular Risk Factors
The purpose of this study was to present the collective safety data from nine
studies in which humans were fed 3 grams of HMB per day. The studies ranged from 3
to 8 weeks in duration and the populations studied included males and females, young
18

and old individuals, and exercising or non-exercising populations. Organ and tissue
function was assessed by blood chemistry and hematology; in addition, mild effects on
emotional perception were assessed using an emotional profile test (Circumplex) and
tolerance of HMB was assessed with a battery of 32 health-related questions. HMB did
not adversely affect any surrogate marker of tissue health and function. The emotion
profile indicated that HMB significantly decreased one indicator of negative mood,
reflecting a more positive mindset. No negative effects of HMB were indicated.
Compared with the placebo, HMB supplementation resulted in a significant decrease in
total cholesterol of 5.8%, LDL cholesterol of 7.3% and systolic blood pressure (4.4 mm
Hg, P < 0.05). These effects of HMB on surrogate markers of cardiovascular health
could result in a decrease in the risk of heart attack and stroke. The only definitive
effects of HMB were positive in nature, especially relating to lowering plasma
cholesterol and blood pressure. In conclusion, the objective data collected across nine
experiments indicate that objective measures of health and perception of well-being are
generally enhanced after HMB consumption without any apparent negative effects.
Therefore, the authors advise that HMB can be taken safely as an ergogenic aid for
exercise and that the use of supplementing 3 grams per day of HMB as an ergogenic aid
for exercise and it is well tolerated and safe in humans.
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Holecek, Muthny, Kovarik, Sispera (2009)
Effect of β-hydroxy-β-methylbutyrate (HMB) on protein metabolism in whole body
and in selected tissues
The aim of this study was to examine the effect of HMB administration on leucine
and protein metabolism in whole body and to estimate changes in protein synthesis and
proteolysis in selected tissues. Two tracers (L-[1-14C] leucine and L-[3,4,5-3H]
phenylalanine) were used to test the possible effect of interference of HMB and leucine
on metabolism and to avoid its effect on interpretation of the obtained results. Male
Wistar rats had a cannula inserted into the jugular vein and a dose of 0.1 g/kg of body
weight HMB was administered via the cannula for ½ of the dose and the other ½ of the
dose was given subcutaneously. The control group for this study received saline
administered in the same method. Whole-body protein metabolism were evaluated 24 h
later using L-[1-14C] leucine and L-[3,4,5-3H] phenylalanine. Changes in proteasome
dependent proteolysis and protein synthesis were determined according to the
‘‘chymotrypsin-like” enzyme activity as determined using the fluorogenic substrate Suc
LLVY-MCA and labeled leucine and phenylalanine incorporation into the protein.
Amino acid concentrations in de-proteinized samples of blood plasma or tissues were
determined with HPLC. A decrease in leucine clearance (control =1053 ± 36, HMB =
870 ± 52; p<0.05) and whole-body protein turnover interpreted as a decrease in wholebody proteolysis (control =172 ± 9, HMB = 144 ± 8; p<0.05) and protein synthesis
(control =107 ± 8, HMB = 84 ± 5; p<0.05) was discovered in HMB treated rats.
Proteasome-dependent proteolysis decreased significantly in skeletal muscle alone
(control =6.9 ± 0.9, HMB = 3.8 ± 0.3; p<0.05), while changes in heart, liver, jejunum,
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colon, kidney, and spleen were non-significant. Decreases in protein synthesis were
observed in the heart, colon, kidney, and spleen, while an increase was observed in the
liver. No significant changes in leucine oxidation were observed. The main effect of
HMB administration on protein metabolism seems to be the inhibition of proteasome
dependent proteolysis in skeletal muscle due to decreased levels of glutamate, glutamine
and alanine in the blood. The data also indicate that HMB is partly responsible for the
inhibitory effect of exogenous leucine on proteolysis and not for its stimulatory effect on
protein synthesis. The authors conclude that the protein anabolic effect of HMB in
skeletal muscle is related to inhibition of proteolysis in proteasome. Alterations in
protein synthesis in visceral tissues may affect several important functions and the
metabolic status of the whole body.
Bruckbauer, Zemel, Thorpe, Akula, Stuckey, Osborne, Martin, Kennel, Wall (2012)
Synergistic effects of leucine and resveratrol on insulin sensitivity and fat
metabolism in adipocytes and mice
The authors of this study sought to determine whether leucine would exhibit
synergy with low levels of resveratrol on sirtuin-dependent outcomes in adipocytes and in
diet-induced obese mice. One of the primary goals of the research was to investigate
whether leucine and/or HMB interact with resveratrol, a plant polyphenol found in the
skin of red grapes and in other fruits to act as another Sirt1 activator, in Silent
Information Regulator Transcript 1(Sirt1) activation and downstream effects. Sirt1 and
Sirt3 stimulation leads to activation of mitochondrial biogenesis and metabolism,
resulting in increased fatty acid oxidation. To accomplish this, two studies were
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performed, one in cell culture and then a second experiment extended to an in vivo mouse
study where the downstream effects of Sirt1 activation were also measured. 3T3-L1
mouse pre-adipocyte cells were treated with leucine (0.5 mM), HMB (5 μM) or
resveratrol (200 nM) alone or in combination. In addition, diet-induced obese mice were
treated for 6-weeks with low (2 g/kg diet) or high (10 g/kg diet) dose HMB, leucine (24
g/kg diet; 200% of normal level) or low (12.5 mg/kg diet) or high (225 mg/kg diet) dose
resveratrol, alone or as a combination with leucine-resveratrol or HMB-resveratrol. The
combinations leucine-resveratrol or HMB-resveratrol compared to the individual
treatments significantly increased fatty acid oxidation, AMPK, Sirt1 and Sirt3 activity in
3T3-L1 adipocytes and in muscle cells. Similarly, 6-week feeding of low-dose
resveratrol combined with either leucine or its metabolite HMB to diet-induced obese
mice increased adipose Sirt1 activity, muscle glucose and palmitate uptake, insulin
sensitivity, improved inflammatory stress biomarkers (CRP, IL-6, MCP-1, adiponectin)
and reduced adiposity. The data from this study demonstrates that either leucine or its
metabolite HMB may be combined with a low concentration of resveratrol to exert
synergistic effects on Sirt1-dependent outcomes; this may result in more practical dosing
of resveratrol in the management of obesity, insulin-resistance and diabetes.
Additionally, diet-induced obese mice supplementing on HMB alone resulted in a
significant change in insulin sensitivity and muscle glucose uptake. Another novel
finding of this study was that HMB, whether combined with resveratrol or alone, resulted
in a significant increase in AMPK activation and on the β–activation in the adipocytes.
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Wilkinson, Hossain, Hill, Phillips, Crossland, Williams, Loughna, Churchward-Venne,
Breen, Phillips, Etheridge, Rathmacher, Smith, Szewczyk, Atherton (2013)
Effects of leucine and its metabolite β-hydroxy-β-methylbutyrate on human skeletal
muscle protein metabolism
This study investigated the possibility that HMB could represent an anabolic
metabolite of leucine by studying the effects of HMBFA on human muscle protein
turnover and compared with that of leucine. The authors carried the following three
hypotheses into the experiment: 1) HMBFA provision would acutely stimulate MPS; 2)
HMBFA would stimulate muscle protein synthesis through mechanisms similar to its
precursor, leucine; 3) HMBFA would also acutely depress muscle protein breakdown.
Eight healthy young men, who were recreationally active but not involved in a formal
training program, were recruited for the study. On the morning of the study, subjects had
an 18 g cannula inserted into the antecubital vein of one arm for tracer infusion, a
retrograde 14 g cannula inserted to sample arterialized blood from the dorsal capillary
bed of the hand and – in the HMB trial only – had blood-sampling catheters inserted into
the common femoral vein. The researchers chose not to place the added burden of
femoral lines on the subjects in the leucine study due to the confounding factor of insulin
secretion associated with leucine, since studies using large doses of AAs have failed to
show an effect on muscle protein breakdown when insulin is clamped. A primed,
continuous infusion of [1,2-13 C2] leucine tracer– and in the HMB trial [2H5]
phenylalanine– was started (at t = −2.5 hr) after the first biopsy and maintained until the
end of the study (+2.5 hr). During the first 2.5 hr period baseline measurements were
gathered. The participants then ingested either 3.42 g of a buffered and flavored HMBFA
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solution (which provided 2.42 g of HMB), or 3.42 g of L-leucine along with ∼400 ml of
water. Muscle biopsies (∼200 mg) were taken from the vastus lateralis, under sterile
conditions using a local anesthetic. Post-absorptive plasma glucose concentrations were
measured using an ILab 300 Plus Chemistry Analyser and plasma insulin concentrations
were measured using undiluted samples on a high-sensitivity ELISA. Amino acid
concentrations were analyzed on a dedicated amino acid analyzer utilizing a lithium
buffer separation. Plasma HMB and amino acid concentrations were analyzed by gas
chromatography–mass spectrometry. Sarcoplasmic protein concentrations for
determination of muscle protein synthesis were evaluated via immunoblotting. Muscle
protein breakdown was calculated via arteriovenous dilution of the [2H5]-phenylalanine
tracer. The results of the study indicated that orally consumed free-acid HMB exhibited
rapid bioavailability in plasma and muscle and stimulated muscle protein synthesis—
increase of 70%, similarly to 3.42 g leucine which increased muscle protein synthesis by
110%. While HMBFA and leucine both increased anabolic signaling via the mTOR
pathway, this was more pronounced with leucine. The phosphorylation of p70S6K1
increased similarly in both HMBFA (∼56%) and leucine (∼45%) groups at 30 min.
However, by the 90 min time point increased p70S6K1 phosphorylation was maintained
(∼71%) only in the leucine group. HMBFA consumption also attenuated muscle protein
breakdown, decreasing breakdown by 57% in an insulin-independent manner. The
authors conclude that oral consumption of HMB in free-acid form rapidly elevated
plasma and intramuscular HMB bioavailability from fasting concentrations and that
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exogenous HMBFA induces acute muscle anabolism via increased muscle protein
synthesis and reduced muscle protein breakdown although there is still uncertainty if
HMBFA acts separately or in conjunction with the mechanism(s) of leucine.
Pinheiro, Gerlinger-Romero, es-Ferreira, de Souza-Jr, Vitzel, Nachbar, Nunes, Curi
(2012)
Metabolic and functional effects of β-hydroxy-β-methylbutyrate (HMB)
supplementation in skeletal muscle
The aim of this study was to evaluate the effects of HMBCa supplementation for 4
weeks on metabolic parameters and skeletal muscle contractile function in rats. The
authors measured the ATP and glycogen content, citrate synthase activity, maximum
strength production, resistance to acute fatigue, contraction velocity and relaxation
capacity in skeletal muscle. Wistar rats were supplemented with 320 mg/kg of body
weight per day HMBCa for 4 weeks. A placebo group received the same volume of a
saline solution. The animals were anesthetized and both hind limbs were fixed on an
acrylic platform. Direct electrical stimulation of the sciatic nerve was used to assess both
tetanic force and muscle twitch strength and resistance to acute muscle fatigue of the
gastrocnemius muscle. The gastrocnemius muscle was dissected into red and white
portions, which were evaluated for ATP and glycogen content via commercially available
kits. The effect of HMBCa on citrate synthase activity in the white and red portions of
gastrocnemius muscle was determined by spectrophotometer. No change in
gastrocnemius muscle mass was observed in HMBCa-supplemented rats compared to
placebo group. Muscle tetanic force was increased by HMBCa supplementation;
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however, no change was observed in time to peak of contraction and relaxation time.
Resistance to acute muscle fatigue during intense contractile activity was also improved
after HMBCa supplementation and glycogen content was increased fivefold in white and
fourfold in red portions of gastrocnemius muscle. HMBCa supplementation also doubled
the ATP content in red muscle cells and increased ATP concentrations in white portions
of gastrocnemius muscle by 1.2-fold. Citrate synthase activity was increased by twofold
in red portion of gastrocnemius muscle. These results support the premise that HMB
supplementation results in metabolic changes that are associated with increased muscle
strength generation and prevention of acute muscle fatigue via a marked change in
oxidative metabolism during intense contractions.
Fuller, Sharp, Angus, Baier, Rathmacher (2011)
Free acid gel form of βhydroxyβmethylbutyrate (HMB) improves HMB clearance
from plasma in human subjects compared with the calcium HMB salt
The present study was designed to examine whether HMB in free acid gel form
(HMBFA) could improve bioavailability to tissues over the previous calcium salt form of
HMB (HMBCa). To study this, the researchers designed two longitudinal cross-over
studies. In each study four males and four females were given three treatments: 1) 1g
HMBCa 2) equivalent HMBFA swallowed and 3) HMBFA held sublingual for 15 s then
swallowed. For study 1, blood samples were obtained at 2, 5, 10, 15, 25, 35, 45, 60, 90,
120 and 180 min after ingestion. In study 2, additional blood samples were also obtained
at 360, 720 and 1440 min after supplementation. Plasma and urine HMB were analyzed
by gas chromatography–mass spectrometry, while portions of the pre-ingestion and 180
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min blood samples (study 1) and samples from 1440 min (study 2) were used for
measurements of glucose, uric acid, blood urea nitrogen, creatinine, Na, K, Cl, CO2, P,
protein, albumin, globulin, albumin:globulin ratio, total bilirubin, direct bilirubin,
alkaline phosphatase, lactate dehydrogenase, aspartate aminotransferase, alanine
aminotransferase, g-glutamyl transpeptidase, Fe-binding capacity, unsaturated Fe-binding
capacity, Fe, Fe saturation, total cholesterol, TAG, HDL, LDL and cholesterol ratio were
sent to a commercial lab for analysis. Treatment with HMB did not result in differences
in any of the measured parameters for blood chemistry. Plasma HMB was measured for
3 h following treatment in study 1 and 24 h with urine collection in study 2. In both the
studies, the time to peak plasma HMB were significantly different between the forms of
HMB, with 128min for the HMBCa, 38 min for the HMBFA swallowed immediately and
38 min for the HMBFA held sublingually. Similarly, the authors also a found significant
difference in the peak concentrations between the different forms of HMB: 131 μmol/l
for the HMBCa, 249 μmol/l for the HMBFA swallowed and 239 μmol/l for the HMBFA
held sublingually. In addition, retention of HMB was significantly higher in free acid
form of HMB versus the calcium salt form as the daily urinary HMB excretion was not
significantly increased despite increases in plasma concentration. Finally, the plasma
half-life of HMB was significantly different between the treatments of the two forms of
HMB: 3.17 hr for the HMBCa, 2.50 hr for HMBFA swallowed and 2.51 hr for HMBFA held
sublingually. In summary, HMB delivery by free acid gel results in a faster and greater
peak in HMB plasma concentration as well as equally sustained concentration compared
with the HMBCa administered in a capsule, is equally safe and may improve HMB
availability and efficacy to tissues in health and disease.
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Effect of βHydroxyβMethylbutyric Free Acid on Recovery
Wilson, Lowery, Joy, Walters, Baier, Fuller Jr, Stout, Norton, Sikorski, Wilson, Duncan,
Zanchi, Rathmacher (2013)
βHydroxyβMethylbutyrate free acid reduces markers of exercise-induced muscle
damage and improves recovery in resistance-trained men
This study was designed to determine the effects of short-term with HMBFA
supplementation administered 30 minutes before a bout of resistance exercise on markers
of muscle damage, protein breakdown, recovery, and hormone status in resistance-trained
athletes. Twenty resistance-trained males were recruited to participate in a high-volume
resistance training session comprised of three sets of twelve maximal repetitions intensity
in each exercise, with a supervised and timed rest period of 1 min between the sets. The
exercises included in the workout were: full squats, bench press, dead lifts, pull-ups,
barbell bent over rows, parallel dips, military press, barbell curls and triceps extensions.
Participants were randomly assigned to receive either 3 g/d of HMBFA or a placebo
divided equally in three servings and to be consumed: 30 min before exercise, with lunch,
and with an evening meal. Resting blood draws to evaluate serum creatine kinase,
urinary 3-methylhistadine, testosterone, and cortisol were obtained immediately before
the exercise session and 48 h post-exercise. Serum total testosterone, cortisol and Creactive protein were assessed using ELISA kits. Serum creatine kinase (CK) was
measured using colorimetric procedures at 340 nm. The results showed that CK
increased 329% in the placebo group, while the HMBFA group saw only a 104% increase
above baseline. Participants also reported a significant change for their perceived
recovery status, in which responses decreased to a greater extent in the placebo— 9.1
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immediately prior to exercise and 4.6 48 hr post exercise—than in the HMBFA group—
9.1 immediately prior to exercise to 6.3 48 hr post exercise— meaning the placebo group
felt less recovered and more likely to do poorly is subsequent exercise. Muscle protein
breakdown, measured by 3-methylhistadine analysis, decreased 3.94% with HMBFA
supplementation and approached significance while no change was observed in the
placebo group. There were no reported changes in plasma total or free testosterone,
cortisol or C-reactive protein. In conclusion, these results suggest that an HMBFA
supplement given to trained individuals prior to intense exercise can attenuate increases
in markers of muscle damage and may improve perceived readiness for subsequent
trainings following a high-volume, muscle-damaging resistance-training session.
Effects of Endurance Training and βHydroxyβMethylbutyrate Supplementation
Park, Henning, Grant, Lee, Lee, Arjmandi, Kim (2013)
HMB attenuates muscle loss during sustained energy deficit induced by calorie
restriction and endurance exercise
The purpose of this study was to investigate the efficacy and underlying
mechanisms of HMB on lean body mass, muscle mass and physical performance under
normal training conditions with ad libitum diet versus catabolic conditions induced by
prolonged endurance exercise combined with caloric restriction in male mice. The
authors’ hypotheses were that supplementation with HMBCa would enhance muscle mass
and physical performance under normal training conditions and would help to attenuate
the loss of muscle mass and physical performance under catabolic conditions. For this
study, 61 six-week old C57BL/6 male mice were divided into three baseline groups: 1)
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TB = true baseline, sedentary control (n = 7); 2) B = baseline (n = 27); and 3) BH =
baseline + HMBCa (0.5 g/kg BW/d) (n = 27). Groups B and BH underwent a four-week
run-in phase to simulate initial entry training that soldiers go through upon entering the
military where mice exercised three days a week for one hour each day at a speed of 6
m/min (i.e. fast walk) on a forced exercise wheel. After this initial period, 7 mice from
each group were removed from the study and utilized for baseline measures. The 20
remaining mice in the B group were then randomly assigned into ALT [= ad libitumtrained (exercised 1 h/d for 3 d/wk, 6 m/min)] and C [= caloric restricted (−30% of ad
libitum groups) + trained (~6 h/d = 2 km/d, 6 d/wk, 6 m/min speed)] groups. The 20
remaining mice from the BH group were randomly assigned into ALTH [= ad libitumtrained + HMBCa (0.5 g/kg BW/d)] and CH (= C + HMBCa groups) (n = 10/group). The
second portion of the training experiment lasted 6 weeks. Repeated in vivo assessments
included body composition via DEXA, grip strength and sensorimotor coordination and
were performed after the initial 4 week initiation portion and after the 6 week
experimental protocol. In vitro analyses included muscle wet weights, expression of
selected genes and proteins regulating muscle mass, and myofiber cross-sectional area.
There was no significant difference pre to post between the ALT and ALTH groups for
total body mass. Both of the groups that were fed an ad libitum diet increased in weight
over the course of the 6 week training period. However, the ALTH group had 17%
greater lean body mass than ALT after the training period. Conversely, in the catabolic
groups, the group without HMBCa, C group, had 17% greater lean body mass than the
HMBCa group, CH, after the experimental protocol. Fat mass increased 25% in ALT, this
created a 12%, significant difference between the ALT and ALTH groups after the
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training protocol. Both catabolic groups had significantly lower fat mass than the normal
training groups after the training protocol. Interestingly, fat mass decreased by 56% in
the C group, but only 38% in the CH after the training period. The only group where a
decrease in grip strength occurred was group C, where a 10% decrease was observed.
Grip strength was maintained in CH and following the protocol, group CH had an 11%
greater grip strength than the C group. Gastrocnemius mass was significantly greater
(+10%) in CH than C following catabolic conditions. Similarly, the mean cross-sectional
area of C was 35% lower compared to CH after the experimental protocol. Therefore, the
group supplementing with HMBCa, CH, significantly attenuated the decrease in fiber
cross-sectional area of the gastrocnemius. Finally, gastrocnemius atrogin-1 mRNA
expression was elevated in C but not in CH compared to all other groups. Atrogin-1
protein levels, however, showed no significant changes. In conclusion, the major
findings reported by the authors are that HMBCa intake during a catabolic condition
attenuates loss of strength, muscle mass and myofiber cross-sectional area, but not lean
mass as measured via DEXA. It is also relevant that HMBCa increased lean body mass,
attenuated increases in fat mass, and improved sensorimotor function under normal
training conditions.
Knitter, Panton, Rathmacher, Petersen, Sharp (2000)
Effects of βhydroxyβmethylbutyrate on muscle damage after a prolonged run
This study examined the effects of supplementing HMBCa on muscle damage as a
result of an acute bout of intense continuous endurance exercise. All participants
involved in this study regularly partook of endurance training, only subjects running at
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least 48 km/week were selected to participate. Participants, 8 males and 8 females, were
paired according to their 2-mile run times and past running experience. Each pair was
randomly assigned a treatment of either HMBCa (3 g/day) or a placebo. Participants
supplemented three times a day at meal times for 6 weeks prior to the run, and for 4 days
after the run. Daily training was allowed to occur ad libitum. All participants then took
part in an acute bout of continuous endurance exercise in the form of a 20 km run. Blood
samples were taken prior to supplementation, 4 weeks after supplementation began,
immediately after completion of the prolonged run, and each day for 4 days following the
prolonged run. Serum samples were analyzed for creatine phosphokinase (CPK) and
lactate dehydrogenase (LDH) activity by a commercial laboratory. Plasma was collected
and analyzed for HMB by gas chromatography-mass spectrometry. The placebo group
exhibited a significantly greater increase in CPK activity in the 4-day period after
prolonged run than did the HMBCa group (Day 1 = 37%, Day 2 = 39%, Day 3=38.5%,
Day 4=11.3%). Additionally, when covaried for pre-run values, LDH activity was
significantly lower in the HMBCa group compared with the placebo group. In conclusion,
the authors suggest that the fact that the placebo group exhibited higher LDH activity
after the prolonged run compared with the HMBCa group suggests that they would tend to
sustain more muscle damage as a result of the run. This fact combined with the lower
CPK levels of the HMBCa group support the authors’ hypothesis that HMBCa
supplementation may help attenuate muscle damage following high intensity exercise.
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Vukovich, Dreifort (2001)
Effect of β-Hydroxy β-Methylbutyrate on the Onset of Blood Lactate Accumulation
and V̇O2PEAK in Endurance-Trained Cyclists
The purposes of this study were to: 1) investigate the effects of HMBCa
supplementation on the onset of blood lactate accumulation and V̇O2PEAK and in
endurance-trained cyclists, both indicators of training status; 2) examine the effect of
acute exercise on plasma HMB concentrations. Eight male master-level competitive
cyclists participated in the study. Training volume of the subjects was ~280–330 miles
per week. The training was allowed to proceed ad libitum and consisted of intervals
(aerobic and anaerobic), sprints, and racing. Participants were randomly assigned to
complete three 2-week supplementation periods (HMBCa, leucine, or placebo) each
followed by a 2-week washout period. The study utilized a crossover design, so that
subjects acted as their own controls. For the V̇O2PEAK and time to reach V̇O2PEAK test
participants cycled at a rate of 90 rpm at 150 W. Wattage was increased by 25 W every 3
minutes until the subject could no longer maintain 80 rpm. The fractional concentrations
of oxygen and carbon dioxide in the expired air were analyzed with a Quinton Q-Plex 1
metabolic cart. Researchers collected blood samples during the last 20 seconds of each
stage from a catheter inserted into a forearm vein for determination of blood lactate,
plasma glucose, HMB, and free fatty acids. Immediately after the completion of the test
a blood sample was obtained for the determination of blood lactate concentration
associated with V̇O2PEAK. The supplementation protocol consisted of 3 g of
cornstarch·day-1 (CON), 3 g of HMBCa•day-1, and 3 g of leucine•day-1 (LEU). Capsules
were identical in size and appearance and participants were instructed to consume 4
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capsules 3 times per day for a total of 12 capsules per day. A 1-way RMANOVA on
relative changes in V̇O2PEAK and time to reach V̇O2PEAK resulted in a significant increase
of 4% in V̇O2PEAK and 3.5% in time to reach V̇O2PEAK during the HMB trial, which was
greater than the leucine or placebo trials. Two-way RMANOVA resulted in a significant
time and treatment effect. The onset of blood lactate accumulation was significantly
higher after HMB (9.1% increase pre to post) supplementation compared with both the
placebo (0.75%) and leucine (2.1%) trials. The relative increase in V̇O2 at 2 mM blood
lactate, as analyzed by a one-way RMANOVA, was also significantly greater after HMB
(8.6% increase pre to post) supplementation compared with leucine (4.2%) or placebo
(2.1%) trials. Although the results of the current study lend support the hypothesis that
HMBCa supplementation may have positive effects on aerobic performance by delaying
the onset of blood lactate accumulation, the authors caution that they believe no
adaptations occurred. Vukovich and Dreifort do offer up a further hypothesis that if
HMBCa prevents protein breakdown and increases protein synthesis, then cellular and
mitochondrial proteins may increase. This may result in improvements in the oxidative
system in which electrons from NADH, formed within the cytosol, are shuttled into the
mitochondria allowing for increased oxidative phosphorylation, rather than producing
lactate through the reduction of pyruvate.
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Lamboley, Royer, Dionne (2007)
Effects of β-hydroxy-β-methylbutyrate on aerobic-performance components and
body composition in college students
The aim of this study was to determine the effects of the HMBCa supplementation
coupled with a 5-week interval-training program, in active college students
unaccustomed to this kind of training, on selected components of aerobic performance
and body composition. Eight men and eight women were randomly assigned to either an
HMBCa or a placebo group for a 5-wk supplementation period during which they
underwent interval training on a treadmill 3 times per week. Body composition,
including measurements of total body mass, as well as body fat and lean body mass, was
determined using DEXA. An incremental continuous test to exhaustion on a treadmill
was performed using a breath-by-breath gas analyzer. Researchers collected respiratory
gases to measure V̇O2MAX, as well as ventilatory threshold (VT) and respiratory
compensation point (RCP). VT was determined to be the intensity corresponding to an
increase in V̇E:V̇O2 without a simultaneous increase of V̇E:V̇CO2, the first sustained rise
in excess CO2, and the first increase in the slope of V̇CO2 versus V̇O2. The authors
measured the RCP as the intensity corresponding to an increase in both V̇E:V̇O2 and
V̇E:V̇CO2, the second sustained rise in excess CO2, and the second increase in the slope
of V̇CO2 versus V̇O2. Participants were next tested to measure the time to exhaustion at
the maximal aerobic speed—defined as the lowest speed that elicited V̇O2MAX during the
graded exercise test. An interval training cycle consisted of 5 exercise bouts with each
bout equal to 100% of an individual’s total time as measured by the time to exhaustion
test. Therefore, for each workout, an individual began with a warm-up period of 5 min at
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50% of his or her maximal aerobic speed. After this warm-up, an initial period of active
recovery running began at an intensity equivalent to 60% of maximal aerobic speed
followed immediately by a fast run at an intensity equivalent to 100% of maximal aerobic
speed. Therefore, the slow run and fast run of each interval training cycle were each of
the same duration: 50% of the total time to exhaustion. V̇O2MAX for both groups
significantly increased after the exercise intervention. However, when the investigators
expressed this as a percentage of increase, it indicated that V̇O2MAX increased
significantly more in the HMBCa group (15.5%) than in the placebo group (8.4%). The
researchers found no significant difference in any measure of body-composition data
between the pre- and posttest for either studied group. Furthermore, they discovered no
significant difference between the 2 groups for all body-composition variables after the
training and supplementation period. Although the time to exhaustion decreased
significantly in both groups, the authors found that again, the HMBCa supplemented
group (-42.4%) was significantly different from the placebo group (-27.1%). Further, the
researchers discovered that ventilatory threshold was improved significantly in both
groups, with no significant difference between the two supplemental interventions.
Similarly, there was a significant increase in respiratory compensation point in both
interventions. However, as with the V̇O2MAX, when expressed as a percentage of
V̇O2MAX, respiratory compensation point improved significantly more for the HMB group
(13.4%) than for the PLA group (8.4%). The authors concluded that although the
mechanisms whereby HMB influences some components of sport performance are
unknown, supplementation with HMB coupled with a high-intensity interval training
program induced a greater increase in V̇O2MAX and in RCP in active subjects, thereby
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positively affecting selected components of aerobic performance in active college
students.
Robinson, Stout, Miramonti, Fukuda, Wang, Townsend, Mangine, Fragala, Hoffman
(2014)
High-intensity interval training and β-hydroxy-β-methylbutyric free acid improves
aerobic power and metabolic thresholds
The purpose of this investigation was to examine the effects of cycle ergometer
based HIIT and supplementation with 3 grams per day of HMBFA on maximal oxygen
consumption (V̇O2PEAK), ventilatory threshold (VT), respiratory compensation point
(RCP), time to exhaustion (TMAX), and peak power (PPEAK) in college-aged men and
women. Thirty-four recreationally active men and women participated in the study and
were randomly assigned to either control or one of the HIIT groups: placebo (PLA-HIIT)
or HMBFA supplemented (HMBFA-HIIT). At baseline, participants completed a graded
exercise test to determine V̇O2PEAK, VT, RCP, and TMAX. Subsequently, PLA-HIIT and
HMBFA-HIIT completed 12 HIIT sessions consisting of 5-6 intervals at a 2:1 work to rest
ratio with intensities ranging from 85-120% of PPEAK over the course of 4 weeks while
supplementing with either a placebo or 3 g/day of HMBFA, while the control group was
asked to maintain normal diet and exercise patterns. The authors reported that both PLAHIIT and HMBFA-HIIT groups resulted in significant increases in TMAX and RCP
compared to control, but HMBFA-HIIT saw a significant increase in V̇O2PEAK and VT
compared to control and PLA-HIIT, despite not significant differences in training
volumes between HIIT groups. These results support the hypothesis that HMBFA may
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augment at least some of the physiological adaptations associated with HIIT; the authors
postulate that these findings may be the result of HMB related increases in mitochondrial
biogenesis, fat oxidation, and improvements in metabolic processes, and that these
benefits may be mediated through the regulation of adenosine monophosphate kinase and
sirtuin activity in muscle cells.
Neuromuscular Fatigue Thresholds
deVries, Tichy, Housh, Smyth, Tichy, Housh (1987)
A method for estimating physical working capacity at the fatigue threshold
(PWCFT)
The purpose of this study was to evaluate a new method for determining the
highest power output that does not elicit increases in EMG amplitude over time. This
new protocol was presented as an alternative to the supramaximal EMGFT testing protocol
which may not be suitable for all populations. The testing consisted of 2 minute bouts of
exercise at a constant power output while EMG signals were recorded. The stages
increased in power output until a stage resulted in a significant increase in average RMS
over a two minute stage. Test-retest reliability was found to be 0.947 with no significant
difference between trials, showing that a submaximal test to determine the physical
working capacity at fatigue threshold is a reliable alternative to the EMGFT. In addition,
the authors correlated PWCFT with onset of blood lactate accumulation (OBLA), percent
of heart rate range (%HRR), heart rate-workload relation (HR-WL), and critical power
(CP). PWCFT were correlated at 0.67 with no significant difference between means,
demonstrating the objectivity and validity of the PWCFT test.
38

deVries, Brodowicz, Robertson, Svodoba, Schendel, Tichy, Tichy (1989)
Estimating physical working capacity and training changes in the elderly at the
fatigue threshold (PWCFT)
The goal of this study was to evaluate the use of the PWCFT test in an elderly
population, to determine if it was sensitive to changes following training, and to
determine the minimum exercise intensity appropriate for elderly populations. Twentyseven healthy, older adults participated in the study and completed either a low (n = 10)
or high intensity (n = 7) exercise program 3 days per week for 10 weeks, or were asked to
maintain their normal daily routines (control, n = 10). All groups completed a PWCFT
test prior to and after the training period. There was no change in PWCFT in the control
group and a 29.8% improvement in the low intensity exercise group and a 38.4%
improvement in the high intensity exercise group, but there was no significant difference
between the low and high intensity exercise groups. These results demonstrate the
applicability of this test for assessing fitness in an elderly population.
deVries, Housh, Johnson, Evans, Tharp, Housh, Hughes (1990)
Factors affecting the estimation of physical working capacity at the fatigue
threshold
The purpose of this study was to investigate the effects potential methodological
changes might have on the physical working capacity at fatigue threshold (PWCFT). The
modifications studied were: use of a continuous protocol, use of a treadmill in place of a
cycle ergometer, use of a bipolar EMG system in place of the previously used unipolar
system, and potential for residual fatigue when tests are completed on consecutive days.
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There was no significant mean difference between the results of continuous and
discontinuous protocols. For treadmill testing the bipolar lead system was utilized to
counteract the increased noise associated with the treadmill motor and excess movement.
The heart rate at PWCFT from the treadmill and cycle ergometer trials was well correlated
(0.833) and there was no significant mean difference. The bipolar arrangement however,
resulted in significantly smaller voltages at any given power output on a cycle ergometer
when compared to the unipolar arrangement and the PWCFT from the bipolar test was low
to moderately correlated (0.60) with the PWCFT from the unipolar test. Lastly, the
authors reported a correlation of 0.812 between the first and second trials when
completed 24 hours apart, with no significant mean differences between trials, indicating
that the PWCFT test does not result in residual fatigue. The authors also concluded that
while the continuous, cycle ergometer based PWCFT method was valid and reliable,
further research needs to be done to validate the treadmill test.
Stout, Cramer, Mielke, O’Kroy, Torok, Zoeller (2000)
Effects of 28 days of β-alanine and creatine monohydrate on the physical working
capacity at neuromuscular fatigue threshold
This study used physical working capacity at neuromuscular fatigue threshold
(PWCFT) to examine the effects of 28 days of β-alanine and creatine monohydrate
supplementation. Fifty-one men participated in this double-blind placebo controlled
study and were randomly assigned to one of four groups: placebo (PLA), creatine
monohydrate (CrM, 5.25 g), β-alanine (b-Ala, 1.6 g), or a combination of creatine
monohydrate and β-alanine (CrBA, 5.25 g CrM + 1.6 g b-Ala). The study included a 6
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day loading phase of 4 doses per day followed by a further 22 days of 2 doses per day.
Prior to and following the supplementation protocol participants completed a continuous,
incremental cycle ergometry test during which surface EMG signals were collected for
later analysis. PWCFT was determined as the average of the highest power output that
resulted in a non-significant increase in amplitude with the lowest power output that
resulted in a significant increase in amplitude. The authors reported significant increases
in PWCFT in the groups supplementing with β-alanine (b-Ala and CrBA) compared to
placebo, with no other differences between groups and no additive effect of creatine
monohydrate with β-alanine. The authors posit that the improvements in PWCFT were
the result of improved buffering capacity with b-Ala supplementation as a result of
increased intramuscular carnosine content, thereby delaying the accumulation of
metabolites such as lactate, ammonia, and H+ ions which are associated with increases in
EMG amplitude. Therefore, it is suggested that an improved PWCFT reflects an increased
ability to buffer H+ and delay the exercise induced decrease in pH associated with
exercise above the anaerobic threshold. It is important to note however, that other
physiological changes that increase oxidative capacity would increase the anaerobic
threshold and thereby delay the onset of fatigue through mechanisms unrelated to
buffering capacity.
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Matsumoto, Ito, Moritani (1991)
The relationship between anaerobic threshold and electromyographic fatigue
threshold in college women
The primary aim of this study was to examine the relationship between anaerobic
threshold (AT) as determined from gas exchange measures and electromyographic
fatigue threshold (EMGFT) as determined from electromyography based fatigue curves
collected during 1 minute bouts of constant load exercise at fatiguing intensities;
secondarily, in the process of examining this relationship the authors validated the
EMGFT method used in the study. Twenty female college students with varied training
backgrounds participated in the study. First, they completed a graded exercise test to
determine V̇O2PEAK and AT. Next, they completed four 1-minute trials at 350, 300, 250,
and 200 W, during which EMG amplitude was collected from the vastus lateralis using
surface electrodes. The rate of increase in EMG amplitude was calculated for each trial
and the slope coefficients were plotted against power output, resulting in a linear
relationship. This was then extrapolated to estimate the y-intercept, which in theory
represents the highest power output at which one would observe a zero-slope of EMG
amplitude during a trial, which in turn should relate to the AT. The y-intercept was
considered the EMGFT and the authors found that it was significantly correlated with the
AT determined by gas exchange analysis (r = 0.823), leading them to conclude that
EMGFT may be an attractive alternative for determining AT.
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Moritani, Takaishi, Matsumoto (1993)
Determination of maximal power output at neuromuscular fatigue threshold
The purpose of this investigation was to determine the maximal power output at
the neuromuscular fatigue threshold (EMGFT). Twenty male and female college students
were recruited to participate in this study. Participants completed a graded exercise test
using respiratory gas collection to determine anaerobic threshold, defined as the departure
from linearity in the relationship between V̇E and V̇CO2. They also completed two
EMGFT trials: a familiarization and a baseline test, during which EMG data was collected
from the vastus lateralis. For each trial, participants completed four 1-minute bouts of
exercise at four different power outputs which were selected to be fatiguing intensities.
EMGFT values were determined by finding the rate of increase of the amplitude across
each bout (slope), and plotting the slope coefficients against power output in order to
estimate the y-intercept of a regression line derived from the slope coefficients. The yintercept of this line represents the power output which would, in theory, result in no
increase in EMG across an exercise bout, and therefore should reflect the AT. The
authors reported that the EMGFT was highly correlated with AT (r = 0.92). Of note,
however, is finding that the V̇O2 at EMGFT was significantly higher than the V̇O2 at AT;
as a result, the authors speculated that EMGFT may in fact be more closely associated
with lactate steady state in the muscles during exercise.

43

Pavlat, Housh, Johnson, Schmidt, Eckerson (1993)
An examination of the electromyographic fatigue threshold
The purpose of this investigation was to compare times to exhaustion at various
percentages of the EMGFT. Eight male subjects participated in the study and each
completed two initial EMGFT tests. EMGFT values were determined according to the
method described by Matsumoto and colleagues (1991); briefly, this involves participants
completing four fatiguing bouts of exercise and plotting the rate of increase in EMG
amplitude across these bouts to estimate the power output that would not result in fatigue.
Test-retest reliability showed no significant differences between initial EMGFT values
from the two tests. After this initial testing the subjects completed 5 time to exhaustion
trials at 85, 100, 115, 130 and 145% of their individual EMGFT values. Mean times to
exhaustion at these percentages of EMGFT were 495, 225, 135, 94, and 72 seconds,
respectively. Additionally, the EMGFT overestimated the power outputs that could be
sustained for 30 and 60 minutes by 42% and 52%, respectively. These results are similar
to the overestimation of non-fatiguing power output by Housh and colleagues (1991),
who used the physical working capacity at neuromuscular fatigue threshold (PWCFT)
method, which is theoretically analogous to EMGFT.
Housh, deVries, Johnson, Housh, Stout, Evetovich, Bradway (1995)
Electromyographic fatigue thresholds of the superficial muscles of the quadriceps
femoris
The purpose of this study was to compare EMGFT thresholds determined from
each of the three superficial muscles of the quadriceps femoris (vastus lateralis: VL,
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rectus femoris: RF, and vastus medialis: VM) using EMG data collected from all three
muscles simultaneously. Because fiber type distribution varies from muscle to muscle,
using EMGFT from one muscle in a group (such as the quadriceps) may not accurately
reflect what is occurring in terms of neuromuscular fatigue for the muscle group as a
whole. Eight healthy, male and female college students volunteered to perform one
EMGFT test with electrodes placed on the VL, RF, and VM muscles. The results of this
study indicated that there was a significant difference among mean EMGFT values for VL
and RF; further analysis showed that EMGFT for RF was significantly lower than for VL.
Therefore, EMGFT determined from the VL may not accurately predict sustainable power
output during cycle ergometry because the RF may fatigue at a lower power output.
Smith, Moon, Kendall, Graef, Lockwood, Walter, Beck, Cramer, Stout (2009)
The effects of β-alanine supplementation and high-intensity interval training on
neuromuscular fatigue and muscle function.
The purpose of this study was to examine the effects of β-alanine supplementation
and HIIT on neuromuscular fatigue, as measured using the EMGFT method described by
Matsumoto and colleagues (1991) and Moritani and colleagues (1993), and changes in
the efficiency of electrical activity (EEA). This was the first study to use EMGFT to
report changes following training, although other studies have closely tied it to the
aerobic-anaerobic transition phase of exercise and other anaerobic thresholds such as
lactate and ventilatory thresholds. Forty-six men participated in the study and at PRE,
MID, and POST testing they were asked to complete a V̇O2PEAK test as well as four 2minute work bouts on a cycle ergometer, during which EMG data was collected to
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determine EMGFT and EEA. The training consisted of two 3-week periods for a total of 6
weeks. Over the 6-week time period, the control group (CON, n = 10) was asked to
continue their typical daily routines and the training groups completed three HIIT
sessions per week, which ranged from 90-115% of each individual’s peak power output
during a V̇O2PEAK test. The supplement group (BA n = 18) consumed 1.5 g of β-alanine
four times per day for the first 3-week period followed by 1.5 g twice per day for the
second 3-week period; meanwhile the placebo group (PL, n = 18) consumed an
equivalent amount of dextrose. At MID, the training groups (BA and PL) improved both
EMGFT and EEA significantly, while CON did not change; similarly, at POST both
training groups had improved EMGFT and EEA relative to PRE. However, the authors
reported no significant differences between BA and PL and posited that HIIT was the
primary stimulus for improvements in measures of neuromuscular fatigue, rather than
intramuscular carnosine content.
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CHAPTER III: METHODS
Subjects
Forty recreationally active young men and women (men = 22, women = 18) were
recruited to participate in the study. Three female participants were excluded due to
issues with electromyography data collection, therefore data for 22 men and 15 women
were included in the final analysis.
Following an explanation of the experimental protocol and all related benefits and
risks, signed an informed consent. Health, activity levels, and prior supplementation of
participants were assessed using a physical activity readiness questionnaire (PAR-Q) and
a health & activity history questionnaire to determine participants’ readiness for physical
activity and whether any supplements they were already taking might interfere with the
results of the study. All study protocols were approved by the New England Institutional
Review Board. All participants signed an informed consent form prior to any data
collection.
Experimental Design
A double blind, placebo controlled design, stratified for gender, was used to
examine the effects of HIIT and HMBFA on neuromuscular fatigue. Each participant was
required to visit the Human Performance Laboratory at University of Central Florida
twice for pre- and post- testing, with each testing session occurring on nonconsecutive
days. The same testing protocols were repeated at the end of the four week training
period. On the first testing day, anthropometric measures of participants were collected,
including age (years, y), height (cm), and body mass (kg). Each participant then
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performed a graded exercise test (GXT) to determine physical working capacity at
neuromuscular fatigue threshold (PWCFT). The peak wattage achieved during this test
(PPEAK) was used to establish individual training intensity. On the second day of testing, a
fasted baseline blood draw was performed to measure serum HMB.
After baseline testing, the participants were randomly assigned to one of three
groups: a control group (C), a HIIT with placebo group (P), and a HIIT with
supplementation group (S). Of the 37 participants included in this study, 9 subjects were
assigned to C and 14 to each of the training groups (P or S). In addition, participants were
stratified for gender in each group.
High Intensity Interval Training (HIIT)
Participants assigned to P and S groups completed 12 HIIT sessions while
participants assigned to C were asked to continue their normal activity patterns for the
same duration before returning for post testing. HIIT sessions were scheduled three times
per week on nonconsecutive days over a four week period and were performed on an
electronically braked cycle ergometer (Corival, Lode; Groningen, Netherlands).
Participants began each session with a five minute warm-up cycling at a selfselected power output, followed by five two-minute bouts of work at a predetermined
work load followed by one minute of rest. Training intensity varied by exercise session
from submaximal to supramaximal following an undulating fractal pattern, ranging from
85-120% (Figure 1). Each individual participant’s work load was calculated using his or
her PPEAK during the GXT at pretesting. If a participant was unable to complete an
assigned work bout, the amount of time completed was recorded and the one minute rest
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period began immediately. All training sessions took place under the supervision of a
National Strength and Conditioning Association Certified Strength & Conditioning
Specialist or an American College of Sports Medicine Health Fitness Specialist.
Supplementation
Each serving of the HMBFA supplement consisted of 1 gram of β-hydroxy-βmethylbutyric free acid, reverse osmosis water, de-bittering agent, orange flavor, stevia
extract, and potassium carbonate; each serving of placebo (PL) contained 1 gram of
polydextrose that was equivalent to the β-hydroxy-β-methylbutyric free acid, citric acid,
corn syrup, 10% stevia powder, de-bittering agent, and orange flavoring. The HMBFA
and PL were obtained from Metabolic Technologies Inc. (Ames, IA). Prior to the
exercise session, subjects in S and P groups received 3 g per day of HMBFA or PL
(respectively) divided equally into three servings taken 30 minutes prior to exercise,
again 1 hour later, and the final 1 g dose 3 hours post-exercise. To ensure compliance,
investigators observed the subjects consume the supplement prior to and immediately
after each exercise session. On the non-training days, subjects were instructed to
consume one packet with three separate meals throughout the day. Empty packets were
presented to the investigators upon returning to the laboratory following non-training
days. In addition, blood plasma HMB concentrations were analyzed by gas
chromatography-mass spectrometry which was performed by Metabolic Technologies
Inc. in a blinded fashion using methods previously described by Nissen and colleagues
(1990); the resulting HMB concentrations have previously been reported (Robinson IV et
al., 2014).
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Dietary Analysis
Prior to training, participants were asked to record as accurately as possible
everything they consumed each day during three typical days (two weekdays and one
weekend day). This diet was considered his or her standard diet and he or she was asked
to replicate this style of diet throughout the study. These data were entered into a
software program (Food Works 13, The Nutrition Company, Long Valley, NJ) which
provided calculations of daily leucine intake (g) and total calories (kcal). The results of
this analysis have previously been reported (Robinson IV et al., 2014).
Graded Exercise Test
Each participant performed an incremental test to volitional exhaustion on an
electronically braked cycle ergometer (Excalibur Sport, Lode; Groningen, Netherlands)
to determine the peak power output (PPEAK) in watts (W), which was used to establish
training load. The seat was adjusted so that the participant’s legs were at near full
extension during each pedal revolution and the participants were asked to maintain a
pedal cadence of 70-75 rev∙min-1 throughout the test. The participants began pedaling at
75 W and the power output was increased by 25 W every two minutes until volitional
fatigue or until the participant was unable to maintain a pedal cadence of 70 rev∙min-1 for
~10 seconds, despite strong verbal encouragement.
Electromyography (EMG) Measurements
A bipolar (4.6 cm center-to-center) surface electrode (Quinton Quick-Prep silversilver chloride) arrangement was placed over the vastus lateralis muscle of the right thigh.
Prior to electrode placement, the skin at each site was shaved and cleaned with alcohol.
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The EMG electrodes were placed based on the recommendations from the SENIAM
project for EMG electrode placement (Hermens et al., 1999). Inter-electrode impedance
was kept below 5,000 ohms with abrasion of the skin beneath the electrodes. The raw
EMG signal was sampled at 1 kHz, differentially amplified (EMG 100c, bandwidth = 10500Hz, gain: x1000; MP150 Biopac Systems, Inc., Santa Barbara, CA), and digitally
bandpass filtered (zero-phase shift fourth-order Butterworth) at 10-500 Hz. The EMG
signals were expressed as root mean square (RMS) amplitude values (µVrms) and were
recorded and stored on a personal computer (Dell Latitude E6530, Dell Inc., Round
Rock, TX) for off-line analysis.
Determination of Physical Working Capacity at Neuromuscular Fatigue Threshold
(PWCFT)
Physical working capacity at neuromuscular fatigue threshold (PWCFT) values
were determined using a DMAX method similar to that which was presented by Bergstrom
et al. (2011); test-retest reliability for this PWCFT resulted in an intra-class correlation
coefficient (ICC3,1) of 0.95 (MD: 17 W; SEM: 6 W). In the present study, RMS values
were calculated for each 10-second epoch during the GXT. Further, the 10-second RMS
values were used to create moving averages for successive groups of m = 3 observations
in an effort to reduce variability (Fox, 2000). The averaged RMS values were plotted
against the midpoint of each 30-second window (Figure 1). The warmup values were
excluded and the remaining data points were used to generate a third order polynomial
regression representing the increase in amplitude versus time of the GXT (Figure 2).
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The onset of fatigue (TF) was defined as the x-value (time in seconds) of the point
on the third order polynomial regression that measured the maximal perpendicular
distance from the line between the first and last data points (Figure 1). TF was used to
estimate PWCFT according to the following equation (Berthon & Fellmann, 2002; Zuniga
et al., 2013):
𝑛𝑛
𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐹𝐹 = 𝑃𝑃𝑜𝑜 + 𝛼𝛼 � �
𝑁𝑁

where PO is the power output of the stage in which TF occurred, α is the increment in
power output between GXT stages (25 W), n is the difference in seconds between TF and
the beginning of the stage (s) during which TF occurred, and N is the duration of a stage
in seconds (120 s). Therefore, because the initial workload is 75 W, the equation can be
rearranged to:

𝑃𝑃𝑃𝑃𝑃𝑃𝐹𝐹𝐹𝐹 = 75 + 25 × �
Statistical Analyses:

𝑇𝑇𝐹𝐹
�
120

A two-way repeated measures analysis of variance [group (C, P, S) × time (PRE,
POST)] was used to identify any group by time interaction for PWCFT data. If a
significant interaction occurred, the statistical model was decomposed by examining
between groups with a one-way factorial ANOVA for each time point. Fisher's least
significant difference (LSD) post hoc comparisons were performed between groups. If a
significant main effect occurred, then dependent samples t-tests with Bonferroni
corrections (p = [0.05/3] = 0.017) were performed across time for each group. For effect

52

size, partial eta squared statistic values were calculated, and according to Green and
colleagues (2000), 0.01, 0.06, and 0.14 were interpreted as small, medium, and large
effect sizes, respectively. An alpha of 0.05 was used to determine statistical significance.
Data were analyzed via SPSS (Version 22.0, SPSS Inc., Chicago, IL).
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CHAPTER IV: RESULTS
Figure 3 presents the mean + SD values for PWCFT (W) at PRE and POST. The
two-way ANOVA resulted in a significant interaction (F = 6.69, p = 0.004, η2 = 0.282).
Follow-up analysis with one-way ANOVA resulted in no difference among groups for
pretest values (F = 0.87, p = 0.43), however a significant difference was found for
posttest values (F = 5.46, p = 0.009). Post-hoc analysis among posttest values showed a
significant difference between S vs P (p = 0.034) and C (p = 0.003). However, P was not
significantly different from C (p = 0.226). In addition, the two-way ANOVA resulted in a
significant main effect for time (F = 14.095, p = 0.001, η2 = 0.293). Follow-up paired
samples t-tests detected significant changes for S (p < 0.001) and P (p = 0.016), however,
there was no change in C (p = 0.473).
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CHAPTER V: DISCUSSION
To the best of our knowledge, this is the first study to examine the effects of the
free acid form of β-hydroxy-β-methylbutyric free acid (HMBFA) supplementation and
cycle ergometer based high intensity interval training (HIIT) on physical working
capacity at neuromuscular fatigue threshold (PWCFT) in young men and women. The
primary findings support the use of HIIT as a training method to increase PWCFT.
Furthermore, the results suggest that HMBFA supplementation combined with four weeks
of HIIT increases PWCFT significantly more when compared with the placebo.
In general, the PWCFT appears to be a valid and reliable technique for determining
the onset of neuromuscular fatigue as characterized by an increase in EMG amplitude
over time (deVries et al., 1987; deVries et al., 1989; Stout et al., 2007). Smith and
colleagues (2009) were the first to examine the effects of HIIT on the onset of
neuromuscular fatigue, using discontinuous, supramaximal workloads to determine
EMGFT. Although there is currently no research on the effects of HIIT on PWCFT, it has
been used to assess fitness (deVries et al., 1987), prescribe and evaluate the effectiveness
of training programs to improve resistance to neuromuscular fatigue (deVries et al.,
1989), and to evaluate the efficacy of supplements such as creatine, β-alanine, and
arginine on delaying neuromuscular fatigue (Camic et al., 2010; Housh et al., 1991; Stout
et al., 2006; Stout et al., 2007; Stout et al., 2000). In addition, the EMGFT and PWCFT
reflect the same physiological limit on non-fatiguing work capacity, such that when
power output exceeds these thresholds an increase in EMG amplitude over time is
observed, signifying the onset of neuromuscular fatigue (deVries et al., 1982; deVries et
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al., 1987). Therefore, it is relevant to discuss changes seen in EMGFT when discussing
changes in PWCFT. In addition, several studies have reported significant relationships
between EMGFT or PWCFT and other fatigue threshold measures such as ventilatory
threshold (VT), respiratory compensation point (RCP), lactate threshold (LT), onset of
blood lactate accumulation (OBLA), and critical power (CP) (Camic et al., 2014; deVries
et al., 1982; Graef et al., 2008; Hug, Faucher, Kipson, & Jammes, 2003; Kendall et al.,
2010; Lucia, Sanchez, Carvajal, & Chicharro, 1999; Maestu et al., 2006; Moritani et al.,
1993; Nagata, Muro, Moritani, & Yoshida, 1981).
In the present study, the 4-week HIIT protocol resulted in a 10.4% and 15.8%
increase in PWCFT for placebo and HMB groups respectively, while a 2.9% decrease was
observed in the control group. In support, Smith and colleagues (2009) reported a
significant increase in EMGFT (23.8%) after 3 weeks of training using a similar HIIT
protocol while the control group demonstrated a non-significant 1.6% decrease in
EMGFT. Likewise, Laursen and colleagues (2002) reported 5% and 8% increases in VT
and RCP, respectively, after only 2 weeks of HIIT in highly trained male cyclists.
Moreover, Poole and colleagues (1985) reported 17% and 25% increases in LT and VT,
respectively, after 4 weeks of HIIT in young sedentary males, while Helgerud and
colleagues (2007) reported a 9-10% increase in LT after 8 weeks of HIIT in moderately
trained males. Our results, along with previous studies, support the effectiveness of HIIT
to elicit significant changes in several different fatigue threshold measures and suggest a
common physiological adaptation to this method of exercise training.
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The results of the current investigation suggest that HMBFA supplementation in
conjunction with HIIT results in a significantly greater increase in EMGFT than training
alone (Figure 3). These data are supported by Robinson and colleagues (2014) who
reported a significantly greater increase in VT (14%) after 4 weeks of HIIT while
supplementing with 3 grams per day of HMBFA, compared to a 6% increase in the
placebo group. Lamboley and colleagues (2007) also reported improvement in VT after
5 weeks of a running-based HIIT program with 3 grams per day of HMBCa
supplementation or a placebo (11% and 9%, respectively), but the improvements were
not significantly different among supplement and placebo groups. In contrast, Robinson
and colleagues (2014) reported increases in RCP in both training groups with no
significant difference between groups (HMBFA: 7.6%; placebo: 9.9%), while Lamboley
and colleagues (2007) reported significantly greater increases in RCP with HMBCa
(13.4%) compared to placebo (8.3%).
HIIT has been shown to increase V̇O2PEAK, muscle buffering capacity, whole body
fat oxidation, mitochondrial density, blood flow, and up-regulation of glycolytic enzymes
(Burgomaster, Hughes, Heigenhauser, Bradwell, & Gibala, 2005; Edge et al., 2006;
Henriksson, 1992; Krustrup, Söderlund, Mohr, & Bangsbo, 2004; Laursen et al., 2002;
Little, Safdar, Wilkin, Tarnopolsky, & Gibala, 2010; Perry et al., 2008; Robinson IV et
al., 2014; Weston, Zhou, Weatherby, & Robertson, 1997). Increases in oxidative
capacity, fat oxidation, and mitochondrial density may be related to increases in Sirt1 and
Sirt3, which are associated with increases in mitochondrial biogenesis (Verdin, Hirschey,
Finley, & Haigis, 2010) via regulation of AMPK activation (Palacios et al., 2009) and the
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action of AMPK on PGC-1α transcription (Cantó et al., 2009; Gerhart‐Hines et al., 2007;
Rodgers et al., 2005). In addition, Gibala and colleagues (2009) showed that brief,
intense interval training activates AMPK, which may be the most important pathway for
acute adaptations to exercise in skeletal muscle (Hardie & Sakamoto, 2006) and may be
associated with increases in monocarboxylate transporter protein (MCT1 and MCT4)
mRNA expression (Takimoto, Takeyama, & Hamada, 2013) and content (Perry et al.,
2008) in skeletal muscle, possibly via expression of PGC-1α, which has a strong
relationship with MCT1 (Thomas, Bishop, Lambert, Mercier, & Brooks, 2012). MCT1
and MCT4 are both membrane-bound sarcolemmal transport proteins involved in
bidirectional lactate/H+ cotransport, mediating most of the H+ efflux during high intensity
exercise; additionally MCT1 is found in skeletal muscle mitochondrial membranes and is
important for shuttling lactate into the mitochondria for intracellular oxidation (Thomas
et al., 2012). Increased expression of MCT proteins could contribute to the attenuation of
intramuscular metabolic acidosis Recently, it has been suggested that HMBFA may
increase Sirt1, Sirt3, and AMPK activity in muscle cells (Bruckbauer et al., 2012),
potentially increasing muscle oxidative capacity and consequently the power output at
which the muscle begins relying on anaerobic metabolism,. HMBFA may also enhance
the effects of HIIT on PWCFT by augmenting AMPK-modulated increases in MCT
mRNA (Takimoto et al., 2013). In theory, PWCFT represents the increased motor unit
activation which leads to the accumulation of glycolytic metabolites such as lactate,
hydrogen ions, inorganic phosphate, and ammonia (Moritani et al., 1993; Smith et al.,
2007; Taylor, Bronks, & Bryant, 1997); therefore it follows that greater oxidative
capacity and lactate/H+ transport and lactate utilization may result in a delay of fatigue
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and an increase in PWCFT. In addition, HMB has been shown to decrease muscle protein
degradation, increase muscle protein synthesis and muscle satellite cell activation, and
may increase muscle regenerative capacity (Knitter et al., 2000; J. M. Wilson et al.,
2013), but may be most effective when used following damage or when in a catabolic
state (Nissen et al., 1996; G. J. Wilson et al., 2008). HMBFA may act to enhance the
effects of HIIT on PWCFT by improving recovery between HIIT sessions, thereby
allowing for greater improvements in V̇O2MAX and lactate shuttling and utilization over
time. Further research is needed to determine which, if any, of the proposed mechanisms
mediate the interaction of HMBFA with HIIT.
In summary, HIIT was effective in delaying the onset of neuromuscular fatigue as
measured by PWCFT, with HMBFA enhancing this effect. While the mechanisms by
which HMBFA augmented the results of HIIT are unclear, they may include physiological
adaptations such as improved recovery, increased mitochondrial biogenesis, and
increased capacity to transport lactate and hydrogen ions out of the muscle or into
mitochondria for oxidative metabolism.
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Table 1: Participant Descriptive Statistics

Variable

C (n = 9)

P (n = 14)

S (n = 14)

Age (y)

20.8 ± 1.9

23.5 ± 3.6

23.5 ± 3.6

Height (cm)

171.5 ± 9.1

171.7 ± 12.1

174.3 ± 8.6

Body Mass (kg)

76.4 ± 12.8

73.3 ± 17.0

74.6 ± 10.7

Data are presented as means ± SD. C = control; S = high intensity interval training with
supplement; P = high intensity interval training with placebo. Supplement is 3 grams per
day β-hydroxy-β-methylbutyric free acid (BetaTor™, Metabolic Technologies Inc,
Ames, IA).
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Figure 1: 30-second averaged RMS values.
The green triangles represent the original 10-second RMS values with the green dashed
line representing the third-order polynomial regression of the original data (R2 = 0.929).
The blue circles represent averages of each possible set of three consecutive 10-second
values with the dotted line representing the third-order polynomial regression of the
smoothed data (R2 = 0.972). The scales are offset to prevent overlap. RMS = root mean
square (µVrms).
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Figure 2: Example of determination of TF using a DMAX method.
The blue circles represent the smoothed data (using 30-second averages as demonstrated
in Figure 1), and the solid blue curve represents the third-order polynomial regression of
the smoothed data. The green diamonds mark the first and last data points included in the
analysis and the dashed green line is a line between these two points. The yellow line
represents the maximal perpendicular distance from the green line to the blue curve
(DMAX); the enlarged portion demonstrates that the green and yellow lines are indeed
perpendicular. The orange dotted line represents determining TF as the x-value (time in
seconds) of the point on the blue curve at DMAX. RMS = root mean square, (µVrms).
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Figure 3: Physical working capacity at neuromuscular fatigue threshold (PWCFT) by
group (mean ± SD).
C = control. P = high intensity interval training with placebo. S = high intensity interval
training with 3 grams per day of β-hydroxy-β-methylbutyric free acid. *Indicates
significantly different from C (p < 0.05). †Indicates significantly different from P and C
(p < 0.05).
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